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Tomato bushy stunt virus
Potato virus X
Virus gene vector
Virus vector stabilizationThe coat protein of satellite panicummosaic virus (SPCP) is known to effectively protect its cognate RNA from
deleterious events, and here, we tested its stabilizing potential for heterologous virus-based gene vectors in
planta. In support of this, a Potato virus X (PVX) vector carrying the SPMV capsid protein (PVX-SPCP) gene was
stable for at least three serial systemic passages through Nicotiana benthamiana. To test the effect of SPCP in
trans, PVX-SPCP was co-inoculated onto N. benthamiana together with a Tomato bushy stunt virus (TBSV)
vector carrying a green ﬂuorescent protein (GFP) gene that normally does not support systemic GFP
expression. In contrast, co-inoculation of TBSV-GFP plus PVX-SPCP resulted in GFP accumulation and
concomitant green ﬂuorescent spots in upper, non-inoculated leaves in a temperature-responsive manner.
These results suggest that the multifaceted SPMV CP has intriguing effects on virus–host interactions that
surface in heterologous systems.
© 2009 Elsevier Inc. All rights reserved.Introduction
Satellite panicum mosaic virus (SPMV) has an 824-nucleotide (nt)
positive-sense single-stranded (ss) RNA genome that requires Panicum
mosaic virus (PMV), a helper virus, for replication and systemic spread
in host plants. SPMV encodes a 17-kDa capsid protein (CP) that has
multiple biological roles in addition to SPMV RNA encapsidation,
including hastening long-distance spread and increasing the titer of
PMV, membrane localization of the SPMV capsid, movement of SPMV,
and maintaining the integrity of SPMV RNA (Desvoyes and Scholthof,
2000; Omarov et al., 2005; Qi et al., 2008; Qi and Scholthof, 2008; Qiu
and Scholthof, 2004; Qiu and Scholthof, 2001a; Qiu and Scholthof,
2001b; Scholthof, 1999b).
Two observations were of particular interest. First, compared to
single infections with PMV, co-infection of PMV with SPMV resulted
in increased titer and more rapid spread of PMV in proso millet
plants (Scholthof, 1999b). Second, the integrity of the SPMV
genome was compromised when the 17-kDa SPMV CP (SPCP) was
not expressed; this was determined from the accumulation of
defective interfering (DI) SPMV RNAs, the ﬁrst example of DI RNAs
associated with a satellite virus (Qiu and Scholthof, 2000; Qiu and
Scholthof, 2001b). From these and serendipitous unreported
ﬁndings, the idea surfaced that SPMV CP was possibly assisting in
the maintenance or stabilization of RNA integrity of its homologous
genome and perhaps that of the helper virus. Because it was shownll rights reserved.that SPCP is not a suppressor of RNA silencing (Qiu and Scholthof,
2004), we hypothesized that this CP can operate in another fashion
to stabilize heterologous virus expression systems and that its
potential application is not limited to monocotelydenous hosts for
the PMV/SPMV system.
The use of viral vectors to produce proteins in plants is attractive
because of the potential high-protein output, the transient nature, the
rapid applicability and active expression, and relative cost-effective-
ness of the system (Chung et al., 2006; Jackson et al., 1995; Lindbo,
2007a; Lindbo, 2007b; Pogue et al., 2002; Scholthof et al., 1996;
Scholthof et al., 2002; Zahn et al., 2008). Yet a major limitation of viral
vectors has been the loss of the gene insert or viable expression of its
product over the course of infection (Gleba et al., 2007; Mirkov et al.,
1989; Pogue et al., 2002). For this, it is imperative to the success and
implementation of these systems that means be developed to impede
the subsequent loss of desired protein accumulation.
Here we provide a proof of principle that expression of SPMV CP
can be used as a molecular tool to facilitate the stabilization of viral
vector gene inserts in Nicotiana benthamiana. This work alludes to yet
another biological role of SPMVCP during natural infection, or perhaps
a principle function that underlies all other activities.
Results
Cis-stabilization of a PVX vector expressing SPMV CP (SPCP) upon serial
passages in Nicotiana benthamiana
An infection of N. benthamiana with a Potato virus X (PVX) vector
carrying a 634-nt insert from SPMV containing the entire 473-nt CP
Fig. 1. Potato virus X (PVX)-derived gene vectors carrying the satellite panicum mosaic virus coat protein gene (SPCP). (A) The 6435-nt genome of Potato virus X (PVX) has a 5′-cap
(black ball) and a 3′ poly(A) tail (Huang et al., 2004; Huisman et al., 1988). The solid line represents the nontranslated regions of the genome. The replicase gene encodes a
160-kDa protein (160) (Batten et al., 2003). The triple gene block proteins expressed from subgenomic (sg) RNAs 1 and 2 are responsible for virus spread, notably for suppression
of gene silencing (25), systemic movement (12), and cell-to-cell movement (8), respectively (Verchot et al., 1998; Verchot-Lubicz, 2005). The PVX coat protein (CP) is produced
from sgRNA3 (Chapman et al., 1992a). (B) The full-length infectious cDNA of satellite panicum mosaic virus (SPMV) was cleaved at the SpeI and BsrGI restriction enzyme sites and
blunt-ended using DNA Polymerase I Klenow Fragment, resulting in a 634-bp fragment encoding the SPMV CP. (C) PVX vectors PVX-SPCP+ and (D) PVX-SPCP− were made by
inserting the 634-nt fragment containing the SPMV CP gene in a coding and non-coding orientation at the EcoRV restriction enzyme site, respectively, downstream of a duplicated
PVX CP promoter (solid black rectangle). Note that the drawings are not to scale.
38 A.L. Everett et al. / Virology 396 (2010) 37–46coding region (PVX-SPCP+) (Fig. 1) resulted in stunting and necrotic
lesions along the type II and type III veins of systemically infected
leaves (Fig. 2). In contrast, a PVX vector with the same SPMV 634-nt
fragment in a reverse orientation (PVX-SPCP−) (Fig. 1) yielded
symptoms that were nearly indistinguishable from those caused by
PVX wild-type infection (Fig. 2). The effects of PVX-SPCP+ were in
agreement with previous observations (Qiu and Scholthof, 2004),
although the phenotype of PVX-SPCP−wasmilder than that observed
previously, as can be expected for a biological system, with a
continuum of possible slight differences in environmental conditions
(light, temperature, water, and soil). For the PVX-SPCP+ infections,
this visual marker was used as a monitoring tool for SPMV CP
expression during serial passage of PVX-SPCP+ constructs in N.
benthamiana plants (Fig. 3A). At 25 °C, upper non-inoculated leaves
displayed necrotic lesions through at least three serial passages and at
times as many as ﬁve serial passages (Fig. 2, Table 1).
However, to conﬁrm the results of the above preliminary and
visual inspections that necrosis is a reliable phenotypic marker to
monitor for the presence of SPMV CP, N. benthamiana plants were
again inoculated with PVX-SPCP+ or inoculation buffer (Mock) and
not only closely examined for the onset of necrotic lesions but also
directly for SPCP accumulation. The presence of PVX was determined
by the appearance of typical mild mosaic symptoms, by RT-PCR, and
by Western blot analysis for PVX CP (data not shown). Immunoblots
of PVX-SPCP+-infected plants showed the presence of the SPMV CP
17-kDa monomer (Fig. 3A), and often but not always also its 34-kDa
dimer (Fig. 3B), in both upper and lower non-inoculated systemically
infected leaves. SPMV CP accumulation in the lower uninoculated
systemically infected leaves was variable and often less pronounced
(Fig. 3B), likely due to incomplete invasion of these source leaves
compared to the upper sink leaves.
Upper systemically invaded leaves of plants that scored positive for
necrotic spot development and SPMV and PVX CP accumulation were
selected to use as a source of inoculum for passage to healthy plants
(Fig. 3A). For plants inoculatedwith PVX-SPCP+ (Fig. 3, Table 1), SPCPaccumulation and necrotic lesions were observed in initially inocu-
lated plants (passage 0) through passage 3 (Fig. 3B, Table 1) and,
oftentimes through passage 5. As predicted, in plants inoculated with
PVX-SPCP− or with inoculation buffer only, neither necrotic lesions
nor SPMV CP was detected in passage experiments (Fig. 3B, Table 1).
To verify that the presence of SPMV CP was due to viral vector
integrity and not due to, for instance, autologous systemic spread of
SPCP—as this protein does inﬂuence movement by itself (Omarov
et al., 2005; Qi et al., 2008; Qi and Scholthof, 2008)—RT-PCR and
immunoblot analyses were performed on extracts from the same
tissues. For this, primers for RT-PCR were designed with the ten 5′-
proximal nucleotides of the forward and reverse primers corre-
sponding to the vector genome, and the eleven 3′-proximal nucleo-
tides of the forward primer and twelve 3′-proximal nucleotides of the
reverse primer corresponding to the insert (Fig. 4A). The PVX-SPCP+
plasmid was linearized and used as template for a positive PCR
control. Total RNA was isolated from leaves and used to produce a
cDNA template. From the passage experiments, PVX-SPCP+ inocu-
lated plants were positive for the predicted ca. 700-bp RT-PCR product
(Fig. 4B). Upper non-inoculated leaf tissues that displayed necrotic
lesions and were positive for SPMV CP by Western blot analysis also
had the expected RT-PCR product (Fig. 4C).
Taken together, the data show that SPMV CP was maintained in a
PVX viral vector through serial passages in N. benthamiana. This is in
fact an atypical result when compared to a plethora of other virus–
gene vector reports including those using PVX vector passages
(Avesani et al., 2007; Chapman et al., 1992b; Qiu and Scholthof,
2004; Scholthof et al., 1999; Scholthof et al., 1996; Scholthof et al.,
2002). Our results, in combination with what is reported in the
literature, support the notion that that SPMV CP has a stabilizing
inﬂuence on its own integrity when expressed from PVX in N.
benthamiana, much like its documented stabilizing inﬂuence on its
cognate genome during PMV+SPMV co-infection in monocotelyde-
nous hosts for this virus complex (Omarov et al., 2005; Qi et al., 2008;
Qi and Scholthof, 2008).
Fig. 2. Symptoms associated with SPMV CP expression from PVX-derived vectors on
upper non-inoculated leaves of N. benthamiana plants at 14 days post-inoculation. (A)
Representative upper non-inoculated leaves that were previously inoculated with
inoculation buffer (Mock), infectious transcripts of PVX-E1S empty vector (PVX), or a
PVX vector carrying the SPMV CP gene in an minus-sense (PVX-SPCP−) or coding
(PVX-SPCP+) orientation. (B) An enlargement of the PVX-SPCP+ leaf in panel A.
Necrotic lesions appear near type I, type II, and type III veins as indicated by arrows and
Roman numerals.
39A.L. Everett et al. / Virology 396 (2010) 37–46The present experiments did not include a PVX vector expressing
any other random gene product of precisely the same size as SPCP that
could possibly be used as comparative reference. However, even in
that instance, a number of variables can inﬂuence the outcome (level
of expression, protein turnover, RNA structure, etc.) that would invali-
date any direct comparison. These limitations in combinationwith the
encouraging results provided impetus and conﬁdence, respectively, to
proceed with follow-up experiments to test the effect of SPCP with a
different virus vector system that does allow a direct comparison and
in which the only variable is the presence or absence of SPCP.
Trans-stabilization of a green ﬂuorescent protein (GFP) gene within a
TBSV vector by SPMV CP expressed from PVX-SPCP+
Based on the results from the PVX-SPCP+ cis-expression studies
during serial passages inN. benthamiana,weproceededwith experiments
to determine if the same stabilizing function of SPMV CP occurred when
expressed in trans. For this, 2-week-old N. benthamiana plants were co-
inoculatedwith Tomato bushy stunt virus expressing GFP (TBSV-GFP) and
PVX-SPCP+ and upper non-inoculated tissues were scored at 7 dpi for
greenﬂuorescence. In such experiments, plantswere typically inoculatedin parallel with the following controls: inoculation buffer (Mock), TBSV
wild-type, PVX-E1S (empty PVX) vector, PVX-SPCP+, PVX-SPCP−,
TBSV-GFP plus PVX-E1S, and TBSV-GFP plus PVX-SPCP−.
In general, inoculation of N. benthamiana with TBSV-derived
vectors results in foreign gene expression only in inoculated leaves
(Qiu et al., 2002; Qiu and Scholthof, 2007; Scholthof, 1999a; Scholthof
et al., 1993). We also found this true for plants inoculated with TBSV-
GFP alone or as co-infections with PVX-E1S or PVX-SPCP−. In both
instances, at 7 dpi GFP expression (ﬂuorescence)was observed only in
inoculated leaves of N. benthamiana (Fig. 5A). However, the TBSV
pathogenicity protein, P19, did accumulate in upper non-inoculated
tissues (Fig. 5B) and thus is omnipresent to suppress RNA silencing
that would otherwise reduce any vector-mediated expression.
Additionally, this showed that the TBSV viral vector backbone was
present in both inoculated and systemic tissues when plants were
inoculated with TBSV-GFP only. But in upper systemically invaded
tissues the non-essential GFP gene was deleted or no longer
expressed, in agreement with the previous reports.
In contrast to the above co-infections, TBSV-GFP with PVX-SPCP+
resulted in vibrant green ﬂuorescence (Fig. 6A) in non-inoculated
upper and median leaves. The expression of GFP in upper tissues was
characterized by ﬂuorescent foci of approximately 4–8 mm in
diameter that were typically localized to secondary and tertiary
veins. When combining several biological replicas, out of a total of 20
co-infected plants showing GFP expression in the inoculated leaves,
19 were observed to have expression in the upper non-inoculated
leaves, and a total of 225 ﬂuorescent foci were counted in the upper
tissues of these plants (Table 2). The control inoculations, TBSV-GFP or
co-infections of TBSV-GFP plus PVX-SPCP− or TBSV-GFP plus PVX-
E1S (the empty vector), occasionally exhibited small ﬂuorescent foci
in upper tissues. However, in this minor fraction of plants that scored
as positives, 10- to 40-fold fewer foci developed than those plants co-
infected with TBSV-GFP plus PVX-SPCP+ (Table 2).
To verify the visual results with protein accumulation data,
immunoblots were prepared for detection of GFP and SPCP protein.
For this purpose, 2-week-old N. benthamiana plants were inoculated
with transcripts of TBSV wild-type, TBSV-GFP, PVX-E1S, TBSV-GFP
plus PVX-E1S, TBSV-GFP plus PVX-SPCP−, or TBSV-GFP plus PVX-
SPCP+. Upper non-inoculated tissue from infected plants was
harvested at 7 dpi and analyzed by immunoblot assays for GFP and
SPMV CP (Figs. 7A and B). Again, P19 was monitored to verify vector
accumulation in all cases (data not shown). In all instances where GFP
ﬂuorescence was observed in upper non-inoculated leaf tissues of
plants co-infected with TBSV-GFP plus PVX-SPCP+, the accumulation
of both GFP and SPMV CP was detected (Table 2, Fig. 7).
Our observation of GFP ﬂuorescence in systemic tissues indicates
that GFP gene integrity and expression were maintained in plants co-
inoculated with TBSV-GFP plus PVX-SPCP+ (Table 2). Interestingly,
non-photoreactive GFP protein sometimes accumulated in upper leaf
tissues of control plants co-infected with TBSV-GFP and the PVX-E1S
empty vector or PVX-SPCP− as determined by Western blot analysis
(Fig. 7). This apparently anomalous—yet intriguing—result (i.e., GFP
protein accumulation, but no concomitant ﬂuorescence) suggests that
SPMV CP not only stabilizes the GFP insert within the vector but that
the gene sequence and/or functional integrity of the ﬂuorophorewere
maintained. This is an important observation for two reasons: (i) it
indicates that protein expression does not always accompany
biological activity in planta (Fig. 7B) and (ii) the presence of SPMV
CP in systemic non-inoculated tissues harboring TBSV-GFP allows for
expression of biologically active (ﬂuorescing) GFP.
Effect of temperature on the virus-vector mediated
SPCP-enhanced expression
During routine ongoing experiments testing the stabilizing effect
of SPMV CP on the GFP gene insert of TBSV-GFP in N. benthamiana,
Fig. 3. Passage experiment strategy and Western blot results of upper non-inoculated leaf tissue from the third passage of plants infected with PVX-SPCP+. (A) A cartoon of the
passage strategy for PVX-based constructs in N. benthamiana (shown as a to e). For panel a, the 4th, 5th, and 6th leaves of 2-week-old N. benthamiana plants, as indicated by the
numbering on the drawing, were inoculated with inoculation buffer, PVX-E1S, PVX-SPCP+, or PVX-SPCP−. From this, (b) the inoculated plants were inspected for necrotic lesions in
upper non-inoculated tissues at 11–14 days post-inoculation, represented by the bracketed region. Then (c) the symptomatic upper tissue was ground in a mortar with a pestle, and
used for subsequent passages and molecular analyses. In panel d, the homogenized tissue from symptomatic upper leaves (as in b) was rub inoculated (passaged) onto healthy 2-
week-old N. benthamiana plants or (e) used to monitor the presence of SPCP RNA by RT-PCR and protein by immunoblots, respectively, as represented by the mock data labeled PCR
andWestern, respectively. (B) Analyses of plants on which PVX constructs were passaged. Two-week-old N. benthamiana plants were inoculated with infectious transcripts of PVX-
SPCP+ and monitored for the presence of indicative necrotic lesions at 11–17 days post-inoculation (dpi). Three serial passages were performed, and noninoculated systemically
infected leaf tissues from the these third-passage symptomatic plants inoculated with PVX-SPCP+ were assayed for the presence of SPMV CP using rabbit polyclonal antibodies
speciﬁc for SPMV CP. Inoculation buffer (Mock) inoculated plants and PVX-SPCP− (data not shown) that had undergone three serial passages were also tested as control and showed
no SPMV CP product. The size in kilodalton of MW markers is indicated on the left and on the right is denoted the position of the SPMV CP monomer or its dimer (⁎).
40 A.L. Everett et al. / Virology 396 (2010) 37–46climate control systems malfunctioned, and the temperature in
growth cabinets where plants were grown decreased from 25 to
20 °C. Such a shift had no measurable effects on the number of plants
expressing GFP in upper non-inoculated tissues (Fig. 6B, Table 2). (It is
important to reiterate that for these experiments, ‘positive’ repre-
sented the presence of at least one green ﬂuorescent spot per plant.)
In contrast, the number of GFP ﬂuorescent spots per plant increased
10-fold in upper non-inoculated leaf tissues for plants co-inoculated
with TBSV-GFP plus PVX-SPCP+ and maintained at 20 °C versus
plants maintained at 25 °C (Table 2). This last set of results suggest
that stabilization of viral vectors and biologically active protein
expression by SPMV CP can be optimized by empirical testing of
temperature and growing conditions.
Discussion
An alternative for large-scale production of proteins is the use of
viruses to produce foreign products in animals or plants withoutgenetically modifying the host cell, as described in detail in recent
reviews (Chung et al., 2006; Gleba et al., 2007; Pogue et al., 2002;
Scholthof et al., 2002; Zahn et al., 2008). Of course, viral vector
systems are not ﬂawless, as expression of the foreign gene or
production of a functional protein product is often relatively rapidly
lost from the vector (Gleba et al., 2007; Pogue et al., 2002; Scholthof
et al., 2002). Based on this, using viruses for large-scale production of
proteins would greatly beneﬁt by ﬁnding a plant host, viral vector,
and/or molecular tool that maintains or stabilizes the gene insert.
Previous observations suggested that SPMV CP might be useful as
a molecular tool based on its multiple biological roles in addition to
cognate genome encapsidation (Desvoyes and Scholthof, 2000;
Omarov et al., 2005; Qi et al., 2008; Qi and Scholthof, 2008; Qiu
and Scholthof, 2004; Qiu and Scholthof, 2001a; Qiu and Scholthof,
2001b). For instance, SPMV CP was shown to increase PMV titers
during a co-infection in N. benthamiana, possibly through inter-
actions with the PMV CP, which is known to be involved in helper
virus replication (Batten et al., 2006). In another study, we found that
Table 1
The number of Nicotiana benthamiana plants showing necrotic lesions at 11–14 days
post-inoculation (dpi) in upper non-inoculated leaves following serial passages.
Passageb Inoculuma
Mockc PVXc SPCP−c SPCP+c
0 0 0 0 13
1 0 0 0 13
2 0 0 0 11
3 0 0 0 10
4 0 0 0 3
5 0 0 0 1
a Nicotiana benthamiana plants were inoculated with inoculation buffer (Mock),
PVX-E1S empty vector (PVX), PVX-SPCP− (SPCP−), or PVX-SPCP+ (SPCP+).
b At 14 dpi, 0.5 g of symptomatic systemic leaf tissue was homogenized in a mortar
with a pestle and then rub-inoculated onto the 4th, 5th, and 6th leaf of 2-week-old
N. benthamiana plants.
c The total number of plants exhibiting necrotic lesions in upper non-inoculated
leaves out of 3 independent sets of 5 replicate plants (n=15). All plants, except mock,
developed typical mild-mosaic systemic symptoms associated with PVX infections. In
addition periodic RT-PCR or Western blot for PVX CP of selected plants conﬁrmed PVX
infections (data not shown).
41A.L. Everett et al. / Virology 396 (2010) 37–46SPCP protected its cognate genome from the accumulation of
deletions that otherwise accumulate during replication (Omarov
et al., 2005; Qi et al., 2008; Qi and Scholthof, 2008). However, these
ﬁndings related to activities of SPCP in its native monocotelydenous
host environment and a restriction to a few select grass species
would substantially limit any potential widespread applications in
biotechnology. However, in yet another study, we made a prelimi-
nary observation that in fact originated the concept tested in the
present study, being that SPCP might inﬂuence virus vector-mediated
GFP ﬂuorescence in a manner unrelated to suppression of RNA
silencing (Qiu and Scholthof, 2004). This alluded to yet another
activity of this multifaceted virus protein.
Towards better understanding the underlyingmolecular principles
governing the versatile biological activities of the satellite virus
protein and to explore a potential biotechnological application,Fig. 4. RT-PCR analyses of PVX-SPCP+ infected plants. (A) The position of the primers
presence of the SPMV insert on 1% agarose gels. Lanes were loaded with RT-PCR products
empty vector (PVX), PVX-SPCP− (SPCP−), or PVX-SPCP+ inoculated plants. The numbers
CP insert plus the primer ends yields a 654-nt fragment. The DNA markers (bp) are indica
17-kDa SPMV CP was performed using the same plant tissues as panel B. The size in kiloda
on the blots.experiments were developed to test the hypothesis that SPMV CP
could be used to stabilize heterologous vectors in cis or in trans.
Cis-stabilization of a PVX gene vector by SPMV CP
Gene inserts in PVX vectors are typically deleted following as few
as two serial passages in N. benthamiana (Avesani et al., 2007), and we
aimed to test the stability of PVX expressing SPCP. The most
straightforward means to test for insert integrity is to use infected
tissue as inoculum for serial passage of the virus vector from plant to
plant while monitoring the presence or absence of foreign gene
expression (Fig. 3). In our experiments, the SPMV CP expression from
the PVX-SPCP+ vector in N. benthamiana was monitored by (i) the
onset of SPCP-speciﬁc necrotic spots, (ii) immunoblots for expression
of SPCP protein, and (iii) RT-PCR to verify that protein accumulation
correlated with the presence of SPCP RNA insert in the PVX vector in
systemically invaded tissue.
With regard to the visual inspection for necrotic spots,we exploited
and conﬁrmed our previous ﬁnding that infection with PVX-SPCP+
caused the onset of necrotic spots in N. benthamiana around types I, II
and III vascular tissues in non-inoculated systemically invaded leaves
(Qiu and Scholthof, 2004). Also in agreement with that report, we
found that the lesions only occurredwhen SPMV CPwas accumulating
and is likely due to a non-host HR-like response similar to that
observed for other virus proteins in non-hosts (Goldberg et al., 1991).
Scoring for necrotic lesions allowed for a quick determination of those
plants in which the PVX vector retained the SPMV CP gene. Based on
these visual observations, SPMV CP stabilized its own 634-nt insert in
a PVX vector (PVX-SPCP+) through as many as ﬁve serial passages in
N. benthamiana (Table 1). The number of plants with indicative
symptoms was observed consistently through three passages,
markedly decreased by the fourth passage, and by the ﬁfth passage
only 1 in 19 plants showed SPCP-indicative symptoms (Table 1).
To conﬁrm the visually obtained results, Western blot analyses
were used to detect the 17-kDa SPCP in non-inoculated systemic
tissues of passage plants. This was important because it was possible(arrows) relative to the viral vector RNA. (B) RT-PCR products were tested for the
of linear PVX-SPCP+ DNA (+), upper non-inoculated tissue from mock (M), PVX-E1S
represent samples collected from separate PVX-SPCP+ inoculated plants. The SPMV
ted on the left. (C) Western blot analysis using polyclonal antibodies speciﬁc for the
lton of markers (left) and the position of the SPMV CP monomer (right) are indicated
Fig. 5. TBSV-GFP infection of N. benthamiana. (A) TBSV-GFP induced green ﬂuorescence under UV illumination at 488 nm in leaves of N. benthamiana 7 dpi. Upper non-inoculated
leaves (white arrow) were harvested for Western blot analyses. (B) TBSV-GFP-infected plants were monitored for the presence of the TBSV P19 protein, an indicator of TBSV vector
presence, daily for 1 week using rabbit polyclonal antibodies. As control, upper leaf tissue from a plant inoculated with infectious transcripts of TBSV wild-type (+) or mock
inoculation with buffer (M) were loaded. An asterisk (⁎) indicates a host protein migrating immediately beneath the P19 dimer that cross-reacts with the P19 antiserum and can
serve as a loading control. The size in kilodalton of MW markers are indicated on the left and on the right the position of the P19 protein is noted.
42 A.L. Everett et al. / Virology 396 (2010) 37–46that localized, or low, expression or truncated SPCP could still be
responsible for a systemic host response or signal in source tissues
that induces formation of the systemic lesions (Durrant and Dong,
2004; Goldberg et al., 1991; Qiu and Scholthof, 2004). However, in all
plants in which indicative symptoms were observed regardless of the
passage, full-length SPCP was detected in non-inoculated systemicFig. 6. Trans-stabilization studies in N. benthamiana plants using TBSV and PVX vector deri
vector (PVX), PVX-SPCP−, PVX-SPCP+, TBSV-GFP, TBSV-GFP plus PVX-SPCP−, or TBSV-G
systemic tissues at 7 dpi at 20 °C. In addition to increased GFP expression in upper non-inocu
in lower non-inoculated systemic tissues at 20 °C (white arrows). (B) Conducting the sam
inoculated upper leaf tissues were 10-fold lower (see Table 2) at the higher temperature (wh
the lower rightmost image of panel A, to facilitate comparison with the 25 °C effects fromtissues. The Western blot results conﬁrmed the visual inspection
ﬁndings in that SPCP accumulation was prominent through three
serial passages but declined signiﬁcantly upon passages 4 and 5. The
RT-PCR analyses veriﬁed that the accumulation of SPCP correlated
with the presence of intact SPCP RNA in the PVX vector in systemically
invaded plant tissue (Fig. 4).vatives. (A) Plants were inoculated with inoculation buffer (Mock), or PVX-E1S empty
FP plus PVX-SPCP+. Plants were monitored for GFP ﬂuorescence in non-inoculated
lated leaves, plants inoculated with TBSV-GFP plus PVX-SPCP+ showed GFP expression
e experiments as in panel A at 25 °C showed that green ﬂuorescent lesions in non-
ite arrow). Note that the leftmost image in panel B at 20 °C is duplicated, but larger than
inoculation with TBSV-GFP plus PVX-SPCP+.
Table 2
Comparison of GFP expression in Nicotiana benthamiana at 7 days post-inoculation at 20 and 25°Ca.
Mock TBSV PVX TBSV-GFPc TBSV-GFPbplus
PVX PVX-SPCP−d PVX-SPCP+d
Plantse
20°C 0/20 (0%) 0/20 (0%) 0/20 (0%) 3/20 (15%) 1/20 (5%) 5/20 (25%) 19/20 (95%)
25°Cf 0/9 (0%) 0/9 (0%) 0/9 (0%) 1/9 (11%) 0/9 (0%) 3/9 (33%) 8/9 (89%)
Spotsg
20°Ch 0/20 (0.0) 0/20 (0.0) 0/20 (0.0) 3/20 (0.15) 1/20 (0.05) 9/20 (0.45) 225/20 (11.25)
25°Ch 0/9 (0.0) 0/9 (0.0) 0/9 (0.0) 1/9 (0.11) 0/9 (0.0) 3/9 (0.33) 27/9 (3.0)
a Experiments conducted to score plants exhibiting ﬂuorescent spots or individual spots on upper non-inoculated leaves were performed at 20 °C with 4 independent replicates of
5 plants (n=20) or at 25 °C with 3 independent triplicate replicates (n=9).
b Infectious transcripts of TBSV-GFP were co-inoculated with PVX-based vectors onto the 4th, 5th, and 6th leaves of 2-week-old N. benthamiana plants (see Fig. 3A and Fig. 6).
c Controls for this study include inoculation buffer (Mock), and infectious transcripts of TBSV, PVX-E1S empty vector (PVX), and TBSV-GFP.
d PVX-E1S-based vectors that do not (PVX-SPCP−) or do express (PVX-SPCP+) SPMV CP.
e ‘Plants’ represents N. benthamiana plants scored for GFP ﬂuorescence in systemic non-inoculated tissues at 7 dpi.
f The number of plants (numerator) observed to have green ﬂuorescence in upper non-inoculated leaf tissues in the total number of plants observed (denominator) was used to
calculate the percentage of plants with ﬂuorescence in upper leaves, indicated in parentheses, at different temperatures.
g ‘Spots’ represents the number of green ﬂuorescent foci that were scored in systemic non-inoculated tissues of N. benthamiana plants at 7 dpi.
h The number of ﬂuorescent foci (numerator) in the total number of plants observed (denominator) was used to calculate the average number of ﬂuorescent spots per plant,
indicated in parentheses.
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signiﬁcant especially in light of previous research showing that
gene insert stabilization in PVX vectors decreases as insert size
increases (Avesani et al., 2007; Scholthof et al., 2002). In fact,
prior to this study, an intact gene insert in PVX of approximately
200 nt, or one-third the size of the SPMV CP insert, was stable
through only passage 2 and another insert approximately twice
that of the SPMV CP insert was not stable in the initiallyFig. 7.Western blot analyses for GFP and SPCP accumulation in upper non-inoculated leaves o
inoculated with inoculation buffer (Mock), TBSV, TBSV-GFP, PVX-E1S empty vector (PVX), T
post-inoculation tissuewas assayed for the presence of the 30-kDa GFP protein (seeMaterials
used as a positive control. Plants showing GFP ﬂuorescence in upper non-inoculated tissues ar
combined to show that the accumulation of GFP in control plants was variable. Note that p
indicates lanes loadedwith upper leaf tissue from control plants inoculatedwith PVX-E1S alon
Western blot analysis. The positive control, SPMV, was obtained from a proso millet plant lea
left and on the right is denoted the position of the SPMV CP monomer. The SPMV CP band iinoculated N. benthamiana plant (Avesani et al., 2007). Together,
the results show that SPMV CP is able to stabilize itself within a
PVX vector in N. benthamiana through as many as ﬁve serial
passages. This effect of SPCP on a heterologous virus vector is
reminiscent of the self-stabilizing effect of SPCP on genome
integrity of its cognate SPMV RNA genome upon infection of
millet with PMV+SPMV (Omarov et al., 2005; Qi et al., 2008; Qi
and Scholthof, 2008).fN. benthamiana co-infected with TBSV-GFP plus PVX-SPCP derivatives. (A) Plants were
BSV-GFP plus PVX, TBSV-GFP plus PVX-SPCP−, or TBSV-GFP plus PVX-SPCP+. At 7 days
andmethods) byWestern blot. Inoculated leaves of plants infectedwith TBSV-GFPwere
e indicatedwith a plus symbol (+).Western blots from two replicate experiments were
lants may accumulate GFP, but lack ﬂuorescent foci in the absence of SPMV CP. PVX⁎
e. (B) Samples frompanel Awere used to test for the presence of the 17-kDa SPMVCP by
f infected with PMV+SPMV. The size in kilodalton of MWmarkers are indicated on the
n the rightmost lane has slightly shifted up due to uneven gel electrophoresis.
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effect of SPCP is a protein-intrinsic feature that is not dependent
on the host plant or virus backbone used to express SPCP.
Trans-stabilization of a TBSV gene vector by SPMV CP
To further test the notion that the protective effect of SPCP is a
property that is host-independent and unrelated to the virus used
for expression and to determine if SPCP can operate in trans, its
effect on the performance of another virus-vector system needed to
be tested. Moreover, the utility of SPMV CP as a molecular tool to
stabilize plant virus gene vectors would be negligible if the only
gene insert able to be stabilized was the SPMV CP gene itself.
Therefore, the TBSV-GFP vector was chosen because the appearance
of green ﬂuorescent foci in upper non-inoculated tissues of N.
benthamiana plants allows for a quick functional determination of
systemic tissues harboring intact and functional GFP (Qiu et al.,
2002; Scholthof, 1999a; Scholthof et al., 1993; Yamamura and
Scholthof, 2005). Most importantly, this can be tested in the
presence of PVX vectors, and thus the only variable can be chosen
to be presence or absence of SPCP.
To test for trans-stabilization activity, PVX-SPCP+ was co-
inoculated with TBSV-GFP onto N. benthamiana. Upper non-inocu-
lated tissues were examined for the presence of green ﬂuorescent
foci as an indicator of functional GFP accumulation. At 7 dpi, green
ﬂuorescence was observed in the upper leaves of almost every plant
(95%) inoculated with TBSV-GFP plus PVX-SPCP+. In addition, plants
co-inoculated with TBSV-GFP plus PVX-SPCP+ showed GFP expres-
sion in lower non-inoculated systemic leaves. This is the ﬁrst report
of foreign gene expression in upper and lower non-inoculated leaf
tissue from a TBSV-derived vector. When plants were co-inoculated
with TBSV-GFP plus PVX-E1S or TBSV-GPF plus PVX-SPCP−,
ﬂuorescence associated with functional GFP expression was observed
on some upper leaves, but to an equal or a lesser degree than that
observed for plants that were inoculated with TBSV-GFP alone
(Table 2). Therefore, a co-inoculation of TBSV-GPF with PVX-SPCP+
appeared to signiﬁcantly improve the maintenance of the GFP insert
when compared to control plants.
It was important to conﬁrm that GFP ﬂuorescence in systemic
leaves was due to trans-stabilization activity of SPMV CP and not
due to the PVX vector or hyper-transportation of GFP protein to non-
inoculated sink tissues from inoculated leaves. To test this,
immunoblot experiments were performed that veriﬁed that the
TBSV vector (as indicated by the accumulation of P19) and SPMV CP
were present in the same leaves in which GFP ﬂuorescence was
observed. Comparable to an infection with TBSV-GFP alone, the TBSV
P19 protein was detected in systemic tissues when TBSV-GFP was
co-inoculated with PVX-SPCP+. This indicated that the TBSV vector
reached upper tissues independent of co-infection with any PVX
construct. In cases where green ﬂuorescence was not observed in
those tissues (for instance with TBSV-GFP alone), this is likely due to
loss of the insert or an inability to express a biologically inactive (i.e.,
ﬂuorescing) form of the protein over the course of infection.
However, the presence of GFP ﬂuorescence in upper non-inoculated
tissues, where both presence of the TBSV vector and SPCP
accumulation were conﬁrmed, lends strong evidence that SPMV CP
has trans-stabilization activity (Fig. 5B).
In instances where GFP ﬂuorescence was observed, GFP protein
was also determined to be present by Western blot analyses.
However, of interest was that GFP protein was occasionally detected
in upper leaf tissues of plants co-infected with TBSV-GFP plus PVX-
E1S empty vector or plus PVX-SPCP− while this was not accompa-
nied by green ﬂuorescent foci. This indicated that the GFP protein
was still being produced from TBSV-GFP in non-inoculated tissues
but that the biological activity (i.e., ﬂuorescence) was compromised.
These results suggest that SPCP presence also maintains thefunctional integrity of the GFP gene product by an as yet unknown
means.
Temperature effects
The aforementioned trans-stabilization studies showing that SPCP
contributes to GFP ﬂuorescence in systemic tissues of N. benthamiana
were conducted at 20 °C. Earlier pilot studies were performed at 25 °C,
but during one set of experiments, the temperature dropped, resulting
in the fortuitous observation that at 20 °C, there was a marked
increase in the number of green ﬂuorescent foci compared to plants
that had been maintained at 25 °C. The positive effect of lowering
temperature on trans-stabilization exists within a narrow range.
Preliminary trans-stabilization studies conducted at 15 °C showed
that the number of green ﬂuorescent foci in upper leaves was equal to
or less than that of the plants grown at 25 °C (data not shown). The
increase in the number of green ﬂuorescent spots at 20 °C may
indicate that stabilization is affected by host or viral processes that are
regulated by temperature and that those processes contribute to
stabilization between 15 and 25 °C with optimal contributions around
20 °C. For example, the activity of proteins involved in host defense
response pathways (Durrant and Dong, 2004; Kaper et al., 1995;
Kovalchuk et al., 2003) or the incidence of viral genome recombina-
tion (Bujarski et al., 1994; Simon and Bujarski, 1994) may decrease to
contribute to trans-stabilization at lower temperatures. Also, RNA
silencing and TBSV accumulation and P19 performance are reported
to be temperature-sensitive (Hillman et al., 1985; Qu and Morris,
2005; Szittya et al., 2003). However, since the temperature effect was
only noticed in presence of SPCP, it is doubtful that the observation
can solely be attributed to the performance of TBSV itself. Rather, the
increase in GFP accumulation at 20 °C suggests that stabilization of
plant virus vector gene inserts by SPMV CP is a promising system that
can be optimized and that there may be other factors that can be
manipulated to increase SPMV CP stabilization activity.
Concluding remarks
SPMV CP was shown to stabilize its cognate gene within a PVX
vector through multiple passages in N. benthamiana, suggesting that
functional viral vector expression systems can be maintained without
the need for booster or re-inoculations of plants used as viral “bio-
reactors”. SPMV CP was also able to stabilize GFP within TBSV-GFP in
trans. Hence, a proof of concept is provided that SPMV CP can be used
as a molecular tool to enhance virus vector performance that is
independent of the host or virus. Even though the mode of action of
the observed SPCP activity remains to be fully investigated, consid-
ering its multiple interactive roles that mostly involve interactions
with RNA, it is not inconceivable that the protein exhibits a general
chaperone-like activity prohibiting deleterious deletion events during
replication. By extension, from our previous results on its biological
effects within themilieu of co-infections with its helper virus, it is also
possible that SPMV CP directly or indirectly promotes spread of
heterologous viruses in compatible host systems, akin to the Tobacco
mosaic virus movement protein (Ueki and Citovsky, 2007).
Materials and methods
Plant stocks
Approximately ﬁfty N. benthamiana seeds were spread on Metro
Mix soil (SunGro Horticultural Distribution, Bellevue, WA) in a 4-in.
pot and placed in a growth chamber (25 °C, 14-h dark and 10-h light)
with regular watering. Three to four days after cotyledon emergence,
individual seedlings were transplanted to 4-in. pots ﬁlled with Metro
Mix soil and maintained at 25 °C, 14-h dark and 10-h light prior to
inoculation at the 4–6 leaf stage.
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The insertion of the SPMV CP gene into the PVX vector was
described previously (Qiu and Scholthof, 2004). Brieﬂy, pSPMV-1, a
full-length infectious SPMV cDNA construct (Turina et al., 1998), was
digested with SpeI and BsrGI at positions 69 and 703, respectively
(Fig. 1B). Following treatment with Klenow polymerase (Large
fragment), this resulted in a 634-bp fragment (SPCP) that includes
the complete SPMV CP gene ﬂanked by 19 and 142 bp on the 5′-
and 3′-ends, respectively. The plasmid PVX-E1S (Qiu and Scholthof,
2004), a derivative of pPC2S (Chapman et al., 1992b), lacks a SalI site
(nt 6572). This plasmid was linearized with EcoRV and used for
ligation of the SPCP cDNA. From this, two constructs were obtained,
PVX-SPCP+ and PVX-SPCP−, reﬂecting the insertion of the SPMV CP
gene in the positive (coding) and negative orientation (Qiu and
Scholthof, 2004).
TBSV-GFP was derived from the plasmid pTBSV-GFP containing
TBSV with an enhanced GFP insert, a kind gift from Teresa Rubio and
A. O. Jackson (Univ. of California, Berkeley, CA). Brieﬂy, a GFP gene
constructed to use plant optimized codons (eGFP)was ligated between
the NotI and BalI restriction enzyme sites of the pTBSV-100 plasmid
carrying an infectious cDNA clone of TBSV downstream of a T7
promoter (Hearne et al., 1990) (Fig. 2A). This fused the eGFP coding
sequence approximately 80 nt downstreamand in framewith the TBSV
CP gene start codon resulting in a ca. 30-kDa N-terminal CP:eGFP
protein during translation (Qiu andScholthof, 2007). In vitro transcripts
of TBSV-GFP were derived from linearized DNA templates and rub-
inoculated to N. benthamiana using routine protocols (Scholthof et al.,
1995a). All constructs were conﬁrmed by DNA sequencing.
Passage of PVX-derived constructs in N. benthamiana plants
RNA inoculationmixtureswere prepared by adding 10 μL of capped
transcripts of PVX-SPCP+, PVX-SPCP−, or PVX-E1S transcripts to 90
μL of RNA inoculation buffer (0.05 M K2HPO4, 0.05 M glycine, 1%
bentonite, 1% Celite, pH 9.0), as previously described (Qiu and
Scholthof, 2004). Two-week-old N. benthamiana plants were rub-
inoculatedwith 10 μL of RNA inoculationmix or RNA inoculation buffer
alone onto each of the 4th, 5th, and 6th true leaves (Fig. 3). Inoculated
plants were transferred to a cardboard box, covered with moistened
BenchGuard paper (International Product Supplies, London, England),
and kept at room temperature overnight. The following morning,
plants were removed to a 20 or 25 °C growth chamber with 10-h light
and 14-h dark.
When PVX-SPCP+ plants were symptomatic at 11–14 dpi
(Fig. 3A), then 0.5 g of uppermost non-inoculated symptomatic leaf
tissue was harvested and ground in a mortar with a pestle in 1 mL
virus inoculation buffer (0.05 M K2HPO4 pH 7.4, 1% celite) and
mechanically passaged onto the 4th, 5th, and 6th leaves of 2-week-old
healthy N. benthamiana plants (Fig. 3). The passages were repeated
until (i) SPMV-CP indicative local lesions were no longer apparent by
direct observation in upper non-inoculated plant tissues, (ii) no SPMV
CP proteinwas present in upper leaf tissues as determined byWestern
blot, and (iii) no SPMV CP RNA was present as determined by reverse
transcription (RT)-PCR. Three independent experiments with ﬁve
replicates per study were analyzed.
Co-infection of TBSV-GFP with PVX-SPCP in N. benthamiana
RNA inoculationmixtureswere prepared by adding 10 μL TBSV-GFP
and PVX-SPCP+ transcripts each to 80 μL of RNA inoculation buffer.
Plant inoculations, passages, and maintenance were described above.
Upper non-inoculated leaves were photographed and harvested at 7–9
dpi. Three independent experiments were conducted using ﬁve
replicates at 20 °C. Three independent experiments were also
performed using three replicates for each experiment at 25 °C.Experiments to score the number of plants or thenumber ofﬂuorescent
foci at 25 °C were performed separately.
Immunoblot assays
Western blot analyses of upper non-inoculated leaf tissues were
performed by harvesting 0.5 g symptomatic leaf tissue, grinding it in
an ice-cold mortar with a pestle with 1 mL 2× STE buffer (0.1 M Tris,
0.01 M EDTA, 2% SDS, pH 8.0), followed by SDS-PAGE and
electrotransfer, as described previously (Qi et al., 2008). The blots
were incubated with polyclonal rabbit antibodies raised against SPMV
CP (Scholthof, 1999b) or mouse antibodies raised against GFP
(Sigma-Aldrich, St. Louis, MO) or TBSV P19 (Scholthof et al., 1995b)
at 1:10,000 dilution. Goat anti-rabbit or goat anti-mouse IgG
antibodies conjugated to alkaline phosphatase were used at 1:2000
dilution, and the protein bands were then visualized by the addition
of 5-bromo-4-chloro-3 indolyl phosphate p-toluidine and nitrotetra-
zolium blue salt.
RNA analyses
For the RNA analyses, reverse transcription-polymerase chain
reaction (RT-PCR) analysis of PVX-SPCP from passaged plants was
carried out on RNA isolated from 0.5 g of upper non-inoculated N.
benthamiana leaves, as described previously (Qiu and Scholthof, 2000;
Qiu and Scholthof, 2001b). A forward primer (5′-GCATCGATCG-
CTAGTCTCACG-3′) and reverse primer (5′-TCGACGATATCACACGGT-
CGCC-3′) pair were designed so that the 5′-proximal nucleotides of
each primer corresponded to ﬂanking nucleotides of the PVX genome
(bold). The 3′-proximal nucleotides of the primers are complemen-
tary to the 5′- and 3′-ends of the SPMV CP gene, respectively (Fig. 7).
For the RT-PCR, 1 ng each of the forward and reverse primers, and a
12- to 18-nt oligo-dT primer (Invitrogen, Carlsbad, CA) were added to
an RT-PCR bead (Ready-to-Go RT-PCR, GE Healthcare Bio-Sciences,
Piscataway, NJ) plus 1 μL of RNA extracted from plant tissues and 46 μL
of dH2O. The ampliﬁcation was carried out in an Applied Biosystems
2720 thermocycler (Applied Biosystems, Foster City, CA) under the
following conditions: 42 °C, 30 min for ﬁrst-strand synthesis; 95 °C
for 5 min, to denature the cDNA; and 42 cycles at 95 °C for 1 min,
55 °C for 1 min; 72 °C for 2 min. The cycle was ended after 10 min at
72 °C and then held at 4 °C. The RT-PCR products were analyzed for
the presence of the SPMV CP gene by gel electrophoresis using 15 μL
RT-PCR product plus 3 μL loading dye on a 1% agarose gel for 45 min
at 120 V in Tris–borate–EDTA (TBE) buffer (0.1 M Tris, 1 mM EDTA,
pH 8.0). The DNA bands were visualized by exposing the gel to
ethidium bromide in TBE buffer for 20 min before UV illumination
at 395 nm.
Photography of plants
All photographs of N. benthamiana plants were taken with a Canon
Powershot A630 (Canon-USA, New York) using automatic ISO and
focus settings. Picture size (resolution) was 3264 × 2448 pixels, and
ﬂash was used as needed. Photographs were optimized for resolution
by increasing/decreasing size, brightness, contrast, or cropping.
Images were incorporated into Powerpoint software (Microsoft
Corp., Silicon Valley, CA), and all pictures in individual ﬁgures were
adjusted together. Photographs of plants inoculated with GFP-based
vectors were taken using the camera aperture priority with automatic
ISO and focus settings, under a UV mercury lamp (H44GS100, Osram
Sylvania, Danvers, MA) at 488 nm.
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